The Drosophila hindgut develops three morphologically distinct regions along its anteroposterior axis: small intestine, large intestine and rectum. Single-cell rings of 'boundary cells' delimit the large intestine from the small intestine at the anterior, and the rectum at the posterior. The large intestine also forms distinct dorsal and ventral regions; these are separated by two single-cell rows of boundary cells. Boundary cells are distinguished by their elongated morphology, high level of both apical and cytoplasmic Crb protein, and gene expression program. During embryogenesis, the boundary cell rows arise at the juxtaposition of a domain of Engrailed (En)-plus Invected (Inv)-expressing cells with a domain of Delta (Dl)-expressing cells. Analysis of loss-of-function and ectopic expression phenotypes shows that the domain of Dlexpressing cells is defined by En/Inv repression. Further, Notch pathway signaling, specifically the juxtaposition of Dl-expressing and Dlnon-expressing cells, is required to specify the rows of boundary cells. This Notch-induced cell specification is distinguished by the fact that it does not appear to utilize the ligand Serrate and the modulator Fringe. q
Introduction
The Drosophila hindgut provides a simple model for investigating the role of patterning during organogenesis (reviewed by Lengyel and Iwaki, 2002) . At the cellular blastoderm stage, approximately 300 cells are committed to the fate of hindgut plus Malpighian tubules (CamposOrtega and Hartenstein, 1997) ; this primordium is involuted during gastrulation (reviewed by Lengyel and Iwaki, 2002) . After two post-blastoderm mitoses, and the evagination of the Malpighian tubules from the hindgut primordium, the 700 cell hindgut epithelium undergoes morphogenesis by cell rearrangement, and changes in cell shape and size (Campos-Ortega and Hartenstein, 1997; Takashima and Murakami, 2001; Fuss et al., 2001; Iwaki et al., 2001 ). These processes generate three morphologically distinct regions along the anteroposterior (AP) axis: small intestine, large intestine, and rectum (Hoch and Pankratz, 1996) .
Localized gene expression (patterning) along the AP axis of the hindgut foreshadows the appearance of the small intestine, large intestine, and rectum. The cell signal encoding genes hedgehog, wingless, Serrate, and unpaired are expressed in the most anterior and most posterior regions of the hindgut, which become small intestine and rectum, respectively (Hoch and Pankratz, 1996; Takashima and Murakami, 2001; Iwaki et al., 2001) . The cell signal encoding decapentaplegic (dpp), and homeodomain transcription factor encoding engrailed (en) and invected (inv) genes are expressed in the portion of the developing hindgut primordium that will become the large intestine (Gustavson et al., 1996; Hoch and Pankratz, 1996; Singer et al., 1996; Takashima and Murakami, 2001) . The dead ringer (dri, or retained) gene, and several enhancer traps, are expressed in two single-cell rings bounding either end of the large intestine (Murakami et al., 1994 (Murakami et al., , 1999 Shandala et al., 1999) .
While gene expression appears uniform in the circumference of the developing small intestine and rectum, the large intestine is unusual in that it is divided into different domains within its dorsoventral (DV) axis by localized gene expression. Expression of en in the large intestine is restricted to the dorsal side (li-d), while expression of dpp is restricted to the ventral side (li-v) (Murakami et al., 1994; Murakami et al., 1999; Takashima and Murakami, 2001; Iwaki et al., 2001) . In addition to its expression in rings at either end of the large intestine, dri is expressed strongly in two single-cell rows between li-d and li-v. These rows and rings are similar in expressing a number of the same genes and enhancer traps; the cells in both the rings and rows are designated 'boundary cells' (bc) (Murakami et al., 1994; Murakami et al., 1999; Iwaki et al., 2001) . The li-d, li-v, and bc domains are maintained into the third instar larva, as judged by enhancer trap expression patterns and cellular ultrastructure (Murakami and Shiotsuki, 2001) .
In insects, the development of gut left-right asymmetry (Strasburger, 1932) indicates that, in addition to AP information, there is DV information in, or available to the gut. The only described manifestations of DV asymmetry in the Drosophila gut are the insertion of the salivary gland duct on the ventral side of the pharynx, and the differentiation of distinct cell types in the DV axis of the large intestine (Campos-Ortega and Hartenstein, 1997; Murakami and Shiotsuki, 2001 ). In vertebrates, early DV patterning of the gut tube plays a critical role in the development of multiple endodermally derived organs. For example, ventrally localized expression of the homeodomain transcription factor Nkx2.1 is required to specify the region of the foregut endoderm from which the lung and thyroid buds emerge (reviewed by Roberts, 2000) . Despite their crucial importance in establishment of many internal organs (thyroid, lungs, pancreas, and liver), however, pathways controlling DV patterning of the vertebrate gut are not well understood (Roberts, 2000) .
Establishment of boundary cell rows at the two DV borders within the Drosophila hindgut is part of a larger developmental problem of how boundaries of gene expression and/or cell signaling are established, and how these boundaries function to control subsequent events. Notch signaling is particularly widespread in establishment of boundaries. In the Drosophila wing imaginal disc, a DV border of signaling by the Notch ligands Delta (Dl) and Serrate (Ser) leads to the establishment of a line of cells that will become the wing margin; these cells control both wing outgrowth and prevent cell mixing between dorsal and ventral compartments (reviewed by Irvine and Vogt, 1997; Irvine, 1999; Wu and Rao, 1999) . In the tetrapod limb, a border between Radical Fringe-expressing cells and nonexpressing cells leads to the establishment of the apical ectodermal ridge (AER), which organizes limb bud outgrowth (reviewed by Shubin et al., 1997) ; Radical Fringe is the vertebrate homolog of Fringe (Fng), a glycosyltransferase that modulates the interaction of Notch with its ligands (reviewed by Bray and Furriols, 2001) . In most systems where it has been examined, Notch activation leads to altered activity of the transcription factor Suppressor of Hairless (Su(H), CBP in vertebrates) (reviewed by Irvine, 1999; Bruckner et al., 2000; Moloney et al., 2000; Munro and Freeman, 2000) . Other tissues where boundaries of Notch activation are required to organize morphogenesis include the Drosophila eye and leg imaginal discs, vertebrate somites, and the sea urchin gastrula (reviewed by Irvine, 1999; Sweet et al., 1999; McClay et al., 2000) .
Since the boundary cells form at a DV border in the developing Drosophila hindgut, it is of interest to determine if the Notch signaling pathway plays a role in their specification.
To further characterize the boundary cells, we examined their overall morphology, gene expression, and ultrastructure; by all of these criteria, they are distinct from other cells in the embryo, particularly in the hindgut. To identify gene activity required to establish the boundary cells, we carried out both loss-of-function and ectopic expression experiments. We find that en and inv are required (largely redundantly) to specify the boundary cells, due to the role of En/ Inv in repressively restricting Delta (Dl) expression to li-v. Similar to what has been described for formation of other boundaries, signaling via Notch is required to establish the boundary cells. In contrast to the wing and eye, however, where boundaries form at junctions of Dl and Ser expression, boundary cells form independently of Ser and Fng at a junction of Dl-expressing and Dl-non-expressing cells.
Results

Boundary cells form at borders of both AP and DV patterning
AP patterning of the hindgut: At its anterior, the hindgut joins the posterior midgut; at its posterior, it forms the anus. Along this AP axis, the hindgut of the mature embryo consists of three morphologically distinct domains: the wide, looping small intestine, the long and narrow large intestine, and the tapered rectum ( Fig. 1A,J ; Hoch and Pankratz, 1996; Takashima and Murakami, 2001; Iwaki et al., 2001 ; reviewed by Lengyel and Iwaki, 2002) . Beginning at stage 13, these domains are demarcated at their junctions by rings of unusually high accumulation of the apical surface protein Crumbs (Crb) ( Fig. 1A ; Hoch and Pankratz, 1996; Iwaki et al., 2001) . We designate the ring at the small intestine/large intestine junction the anterior boundary cell ring, and the ring at the large intestine/rectum junction the posterior boundary cell ring (Fig. 1A) .
DV patterning of the hindgut: Patterning of the hindgut in the DV axis is detected at stage 10 (germ band extension) when the hindgut develops an interiorly directed (dorsal) convexity. The side of the hindgut closest to the interior of the embryo is dorsal and expresses both En and Inv (Fig. 1C , Gustavson et al., 1996) ; that closest to the exterior is ventral and expresses dpp (Singer et al., 1996; Murakami et al., 1999; Takashima and Murakami, 2001) . By the completion of germ band retraction, the convexity at the anterior of the hindgut has shifted toward the left side of the embryo. Thus at the anterior of the hindgut, the initially dorsal, En-and Inv-expressing side comes to lie on the outer (left-facing) curve, while the initially ventral, Dpp-expressing side of the hindgut comes to lie on the inner (rightfacing) curve; the DV relationship is retained at the posterior connection to the rectum ( Fig. 1C,D ; reviewed by Murakami et al., 1999) . These initially DV patterned domains of the large intestine persist to the end of embryogenesis and into the larval stages; they are referred to as large intestine Fig. 1 . Patterning of the large intestine in the AP and DV axis. Crb (red) is present on the luminal surface of all three regions of the hindgut epithelium (small intestine, large intestine and rectum); a significantly higher level of Crb is seen in two rings of cells at either end of the large intestine, and in two rows of cells that run its length. These cells are designated the boundary cells: anterior boundary cell ring (aBCr); posterior boundary cell ring (pBCr); and boundary cell rows (BC-R) (A). Double staining with anti-Crb (red) and anti-Dri (green) reveals that the apical surface of the strongly Crb-expressing cells also express Dri in their basal nuclei (B). At germband extension, En/Inv is expressed on the dorsal side of the hindgut primordium (C). By germband shortening, the ventral portion of the hindgut anterior has moved toward the left side of the embryo, so that En/Inv-expressing cells (red) now lie on the outer (left-facing) curve, and Dpp-expressing cells (green) lie on the inner (right facing) curve of the large intestine (D). These non-overlapping regions of En/Inv and Dpp expression are referred to as li-d and li-v, respectively (Murakami et al., 1995) . Dri-expressing nuclei of boundary cells run the length of the large intestine and lie between the En/Inv and Dpp-expressing (li-d and li-v) domains (green in E; red in F). Dl (red) is expressed in li-v but not in the Dri-expressing (green) boundary cells (G, H) . En/Inv and Dl are also expressed in the rectum (E, H). Fng is expressed in both li-d and the boundary cells (I). A cartoon summarizes these domains of gene expression in the large intestine (J). dorsal (li-d) and large intestine ventral (li-v) ( Fig. 1J ; Murakami et al., 1999; Takashima and Murakami, 2001; Iwaki et al., 2001) . At each of the two boundaries between li-d and liv, there is a single row of cells with high levels of Crb expression running the length of the large intestine, from the anterior boundary cell ring to the posterior boundary cell ring. We designate these the 'boundary cell rows' (Fig. 1A) . In addition to their high level of Crb expression, the boundary cell rows and rings express the nuclear protein Dri (Fig.  1B ; Shandala et al., 1999; Iwaki et al., 2001) . Double antibody staining reveals that boundary cell rows at the border of the En/Inv-expressing li-d domain and the Dpp-expressing li-v domain express Dri in their nuclei and have strong Crb expression at their apical surfaces (Fig. 1B,E,F) .
In addition to expressing Dpp, the li-v domain expresses the Notch ligand Delta (Dl) (Fig. 1G,H) ; Dl is also expressed in the anterior of both the rectum and the small intestine (Fig. 1H) . Fringe (Fng), a modulator of Notch signaling, is expressed opposite Dl in the Drosophila wing and eye (reviewed by Irvine, 1999) ; in the hindgut, Fng is expressed in li-d and the boundary cell rows, opposite the domain of Dl expression in li-d (Fig. 1I) .
These spatially restricted gene expression patterns are summarized in Fig. 1J . Interestingly, the Dri-and Crbexpressing boundary cells delimit both AP and DV boundaries in the hindgut. The rings form borders at the anterior and posterior ends of the large intestine, while the rows form borders between the dorsal (li-d) and ventral (li-v) regions of the large intestine. Here we focus primarily on the establishment and characteristics of the boundary cell rows.
Unique morphology and ultrastructure of boundary cells
Staining with both anti-Crb and anti-b HEAVY Spectrin shows that the boundary cell rows are significantly more elongated along the AP axis than other hindgut epithelial cells ( Fig. 2A,B) . Staining of byn apro /1 embryos with antib-Gal antibody reveals that the nuclei of the cells of the boundary rows (identified by strong staining with antiCrb) are also elongated in the AP axis (Fig. 2C) .
The dramatically higher level of Crb expression in the boundary cells (both rings and rows) suggests that their apical surface may differ from that of other hindgut epithelial cells, and/or that, in the boundary cells, Crb may be present in cellular compartments in addition to the apical surface. Both of these expectations are borne out by a higher magnification examination of the boundary cells. In crosssections of the large intestine viewed by electron microscopy, we observe short microvilli on the apical surfaces of two cells on opposite sides of the hindgut lumen; these cells most likely correspond to the boundary cell rows (Fig.  2D ,E). The microvilli of the presumed boundary cell rows appear more organized and parallel than the irregular protrusions on the surfaces of the other cells of the hindgut epithelium (Fig. 2E ). Because of their apical microvilli, the presumed boundary cell rows have a larger apical membrane surface and are expected to be labeled more strongly with anti-Crb. Consistent with this, cross-sections of anti-Crb-stained embryos viewed by light microscopy reveal two cells on opposite sides of the large intestine lumen with a higher level of Crb on their apical surfaces (Fig. 2F) . In addition to their stronger apical labeling with anti-Crb, these presumed boundary cell rows also display an accumulation of Crb in their cytoplasm; this is strongest apical to the nucleus (Fig. 2F ). The cytoplasmic accumulation of Crb suggests that Crb is produced at a higher level, or is more stable, in the boundary cells.
In conclusion, differences in gene expression demonstrate that the boundary cells are a separately patterned (fated) group of cells in the large intestine. The unique fate of the boundary cells is manifested both molecularly, in their expression of Dri and high cytoplasmic accumulation of Crb, and morphologically, in their marked AP elongation and development of apical microvilli.
Genes required to establish boundary cells: loss-offunction studies
The boundary cell rows form at the junction of the li-d and li-v domains, which express different genes. To investigate whether the spatially restricted gene expression observed in these domains is essential for establishment of boundary cell rows, we examined embryos homozygous for loss-of-function alleles of en, inv, dpp, dri, Dl, Ser, Notch, or fng. We assessed the presence or absence of boundary cells by anti-Crb staining, since this delineates their characteristic morphology, and also detects one of their unique differentiated features (i.e. the cytoplasmic accumulation of Crb).
dri: In embryos homozygous for a strongly hypomorphic dri allele (dri null mutants lack a discernable hindgut), the hindgut is of roughly normal diameter but only about onethird its normal length. Even in these severely reduced dri hindguts, however, boundary cells can still be observed (Fig. 3B) ; this phenotype is similar to that described for embryos lacking both maternal and zygotic dri function (Shandala et al., 1999 ). Since we observe reduced hindgut size in embryos that lack zygotic, but retain maternal dri function, we conclude that zygotic expression of dri (most likely the uniform expression at the blastoderm stage; Gregory et al., 1996; Shandala et al., 1999 ) is required to establish or to maintain the normal-size hindgut primordium. Neither blastoderm expression of dri, nor its later expression in the boundary cells, however, appears to be required to establish the boundary cells.
dpp: In dpp embryos, the large intestine is shorter; this is believed to be due to a requirement for dpp in DNA endoreplication in the large intestine (Smith and Orr-Weaver, 1991; Takashima and Murakami, 2001; Fuss et al., 2001) . Although the hindgut is variable and severely deformed in dpp mutant embryos (only rudimentary hindguts are detected in the strongest dpp alleles, data not shown), we were able to detect boundary cell rows in the hindguts of embryos carrying several different strongly hypomorphic dpp alleles ( Fig.  3C ; data not shown). Thus even though it is required for normal hindgut development, dpp activity does not appear to be required to establish the boundary cell rows.
en and inv: In embryos lacking only en, the boundary cell rows and rings form normally (data not shown; Takashima and Murakami, 2001) . Similarly, many embryos lacking only inv form boundary cell rows and rings (data not shown; Takashima and Murakami, 2001) . In a significant number of inv embryos, however, we observed gaps in the posterior of the boundary cell rows (Fig. 3D ). This is, to our knowledge (Gustavson et al., 1996) , the only embryonic phenotype known for inv. When both en and inv are removed (in Df(en E ) embryos), the phenotype is much more dramatic: boundary cell rows and rings are completely absent ( Fig. 3E ; Takashima and Murakami, 2001) . Consistent with previous studies demonstrating a functional redundancy of en and inv (Gustavson et al., 1996) , we conclude that en and inv are required largely redundantly to establish the boundary cells. However, while inv can substitute completely for en, there is a requirement for inv that cannot be completely substituted by en. This is likely not due to a difference in protein structure, but rather to the fact that, in the hindgut, inv is expressed earlier and at a higher level than en (Gustavson et al., 1996) . As their functions are so closely intertwined (Gustavson et al., 1996) , we refer to the activities of en and inv, and the highly related proteins that they encode, as single entities: en/inv and En/Inv. Dl, Notch, Ser, and fng: Embryos lacking Dl function are extremely deformed and do not always have a recognizable hindgut (data not shown), indicating that function of Dl early in embryogenesis is required to establish and/or maintain the hindgut. Since Dl encodes a ligand for Notch, we examined embryos lacking the zygotic contribution of Notch. Strikingly, Notch mutant hindguts completely lack both boundary cell rows and rings (Fig. 3F) , revealing that Notch signaling is required to establish the boundary cells. We also examined embryos lacking Ser, the other ligand for Notch; consistent with the fact that Ser is not expressed in the large intestine, Ser mutant embryos form normalappearing boundary cells (Thomas et al., 1991; data not shown) . Opposite the Dl-expressing li-v domain, the li-d and boundary cell row domains express fng. In the Drosophila eye and wing, expression of fng in a domain opposite to a Dl-expressing domain is required to establish a DV boundary (reviewed by Irvine, 1999) . Given the required role of fng in eye and wing DV patterning, it was surprising to find that boundary cell rings and rows are present in fng mutant embryos (data not shown). These data demonstrate that formation of the boundary cell rows at the border of Dl expression requires the Notch receptor; however, Fng does not appear to be required for this process.
Genes required to establish boundary cells: ectopic expression studies
The loss-of-function studies described above demonstrate that Notch and en/inv are required to establish both boundary cell rows and rings. Because of their severe phenotypes, it was not possible to characterize embryos homozygous for amorphic alleles (completely lacking all gene function) of dpp, dri, and Dl. Another way to assess gene function is to utilize the GAL4 UAS system (Brand and Perrimon, 1993) to express both gain-and loss-of-function constructs. This system also has the advantage that one can restrict gene expression both temporally and spatially. For this purpose, we constructed the bynGal4 driver by replacing a P element allele of the brachyenteron (byn) gene (see Section 4.2). bynGal4 drives expression strongly in the hindgut primordium by stage 8 (Fig. 4A) ; this expression is maintained throughout embryogenesis and mimics the endogenous byn expression pattern ( Fig. 4B-D ; Kispert et al., 1994; Wu and Lengyel, 1998) . bynGal4 also drives weaker expression in the posterior midgut, the Malpighian tubules, and the hindgut visceral mesoderm (Fig. 4C) . Using bynGal4 to drive various constructs, we examined the required role of the following genes.
dri: When Dri is expressed uniformly throughout the hindgut (Fig. 5B) , the boundary cell rows and rings are present and appear largely normal (the boundary cell rows are, however, slightly crooked) (Fig. 5C ). Thus both loss-offunction and gain-of-function experiments indicate that dri is not required to establish the boundary cell rows or rings.
dpp: Uniform hindgut expression of Dpp (Fig. 5E ) does not affect the establishment of boundary cells rows or of the posterior boundary cell ring (Fig. 5F ). Spatially restricted expression of dpp is, however, required for formation of the Fig. 3 . en/inv and Notch are required to establish boundary cells. Anti-Crb staining delineates boundary cell rows and rings in wild-type embryos (A). Boundary cell rows are observed in embryos homozygous for hypomorphic alleles (null alleles produce globally defective embryos difficult to analyze for hindgut defects) of both dri and dpp (B, C). Boundary cell rows and rings form normally in embryos lacking only en (not shown), are discontinuous in embryos lacking only inv (D, white arrows indicate gaps), and are completely absent in embryos lacking both en and inv (E). Boundary cell rows and rings do not form in embryos lacking zygotic Notch (F). Stage 16/17 whole-mount embryos stained with anti-Crb were examined by light microscopy.
anterior boundary cell ring, as it is missing from bynGal4:UAS-dpp embryos (Fig. 5F, arrowhead) .
en/inv: Ectopic expression of en results in ectopic expression of inv as well (Gustavson et al., 1996) . In bynGal4:UAS-en embryos, boundary cell rows are missing ( Fig.  5I ; Takashima and Murakami, 2001 ). This result, taken together with the absence of boundary cell rows in Df(en E ) embryos, and the fact that the boundary cell rows arise at the borders of the En/Inv-expressing (li-d) domain (Fig. 1E) , strongly supports the idea that the establishment of the boundary cell rows requires the juxtaposition of En/ Inv-expressing cells with En/Inv-non-expressing cells. An unexpected result, given the uniform hindgut expression of b-Gal, GFP, Dri, Dpp, and Dl when driven by bynGal4 (Figs. 4A-D and 5B,E,K), is that, in bynGal4:UAS-en embryos, En/Inv is detected in the large intestine and rectum, but not in the small intestine (Fig. 5H ). This suggests that, when ectopically expressed in the small intestine, En/Inv is post-transcriptionally downregulated. Although this results in an anterior boundary of En/Invexpressing and non-expressing cells, it does not lead to formation of the anterior boundary cell ring (Fig. 5I) . Finally, although ectopic En/Inv inhibits formation of both the anterior ring and the rows of boundary cells, it does not eliminate the posterior boundary cell ring (Fig. 5I, arrow) . Thus, while formation of the posterior ring requires en/inv activity (Fig. 3E) , it does not require spatial restriction of this activity. As we discuss below, a boundary of Dl expression is likely involved in establishing the posterior boundary cell ring.
Dl, Ser, fng, Notch, and Su(H): When wild-type Dl is driven throughout the hindgut (Fig. 5K) , some boundary cells form, as deduced from the partial, interrupted rows and rings of strong Crb staining (Fig. 5L) . In contrast to the effect of expressing ectopic Dl, neither uniform expression of Ser nor Fng has an effect on formation of boundary cells (data not shown). Double antibody staining shows that in ectopic Dl embryos the interrupted lines of Crb-stained apical surfaces are associated with Dri-expressing nuclei, and are thus bona fide boundary cells (Fig. 6A ). Double staining with anti-Dri and anti-Dl reveals that these interrupted boundary cell rows lack Dl on their apical surfaces, i.e. the Dri-stained boundary cell row nuclei are basal to patches of cells that lack Dl stain (Fig. 6B, inset) . This fortuitous, clone-like situation, in which individual boundary cells or small cell groups lack Dl expression while surrounding cells express Dl, provides insight into the relationship between expression of Dl and the formation of boundary cells. Since the patches of boundary cells consistently lack Dl expression, it seems likely that in the wildtype hindgut, the boundary cell row forms from the row of Dl-non-expressing cells immediately adjacent to the Dlexpressing, li-v domain.
To further investigate the required role of Dl in establishing the boundary cells, we expressed a dominant-negative form of Dl throughout the hindgut. bynGal4:UAS-Dl.DN embryos show a complete absence of boundary cell rows and rings (Fig. 6C) ; this phenotype closely resembles that seen in Notch loss-of-function embryos (Fig. 3F) . Expression of a dominant negative Notch receptor (Zecchini et al., 1999) throughout the hindgut (bynGal4:UAS-FLNDcdc10) results in a similar absence of boundary cell rows and rings (data not shown). Furthermore, bynGal4 driven expression of UAS-Hairless, which acts to suppress activity of Su(H) (Go et al., 1998 ) also results in an absence of boundary cells (data not shown). This last result indicates that the Notch signaling required to establish the boundary cells must act through Su(H). In summary, the above results demonstrate required roles in boundary cell specification of the following Notch pathway components: the ligand Dl, the receptor Notch, and the downstream transcription factor Su(H). We therefore conclude that the Notch signaling pathway is required for boundary cell induction.
We also used ectopic expression of both activated Notch and activated Su(H) to ask whether Notch pathway activation is sufficient for boundary cell specification. Strikingly, ectopic activation of the Notch pathway (bynGal4:UASactN, or bynGal4:UAS-Su(H)VP16) results in hindguts that are dramatically shorter and wider than wild-type (Fig. 6D,E) . Transverse sections reveal that these hindguts have larger lumens with significantly more cells in their circumference than those of wild-type hindguts (Figs. 2F and 6F). Hence, the early activation of N signaling causes a defect in the cell rearrangement that drives hindgut elongation (Iwaki et al., 2001 ). This early activation of Notch signaling (bynGal4:UAS-actN) also results in a defect of patterning both the small intestine and large intestine, i.e. overlapping expression of hh, upd, Dri, Dl, and En/Inv (data not shown). These results support our previous suggestion that correct spatial patterning, specifically of the small intestine and the large intestine, is required for cell rearrangement in the hindgut (Iwaki et al., 2001) .
To circumvent the patterning and morphological defects described above with the bynGal4 line, which drives expression starting at stage 7, we used the 455.2Gal4 line, which drives hindgut transgene expression beginning at stage 9 (San Martin and Bate, 2001 ). This later expression of activated Notch does not affect hindgut elongation (Fig. 6G-I) ; however, the 455.2Gal4:UAS-actN hindguts differ dramatically from wild-type in that the entire circumference of the large intestine is intensely labeled with aCrb and expresses Fig. 5 . Formation of boundary cells requires spatially restricted expression of dpp, en/inv, and Dl, but not dri. Dri, Dpp, En/Inv, and Dl are expressed in spatially restricted patterns in the large intestine of the wild-type embryo (A, D, G, and J, respectively). Combination of bynGAL4 with UAS-dri, UAS-dpp, UAS-en, or UAS-Dl results in expression of En/Inv, Dri, Dpp, or Dl throughout the hindgut (B, E, H, and K; note that En/Inv is largely absent from the small intestine). Staining with anti-Crb was used to delineate boundary cell rows and rings in embryos with ectopic expression (C, F, I, L). In embryos with ectopic Dri, the rings and rows (although somewhat crooked) appear roughly normal (C). In embryos with ectopic Dpp, the anterior ring is missing (arrowhead), but the rows and posterior ring are present (F). In embryos with ectopic En/Inv, the posterior ring is present (arrowhead), but the anterior ring and the rows are missing (I). In embryos with ectopic Dl, boundary cell rows and rings are interrupted (L). En/Inv, Dri, Dpp, and Dl were detected by antibody staining and observed by light or confocal microscopies. Dri (Fig. 6G,H ). Expression of Su(H)VP16 in the hindgut with 455.2Gal4 also induces ectopic boundary cell formation (Fig. 6I) . We conclude that all cells of the large intestine of 455.2Gal4:UAS-actN and 455.2Gal4:UASSu(H)VP16 embryos have been specified as boundary cells, demonstrating that Notch activation, specifically Su(H) activation, is sufficient for boundary cell induction.
An intriguing observation, given the demonstrated role of the LIN-12/Notch signaling pathway in generation of leftright asymmetry in the Caenorhabditis elegans intestine (Hermann et al., 2000) , is that a large portion of 455.2Gal4:UAS-Su(H)VP16 hindguts display a reversal of left-right looping (Fig. 6I) .
The ectopic expression experiments described here, taken together with the loss-of-function experiments described in the preceding section, demonstrate that establishment of the boundary cell rows requires the juxtaposition of Dl-expressing and Dl-non-expressing cells and signaling via Notch and Su(H). In addition to Notch and spatially restricted Dl, establishment of the anterior ring requires localized activity of Dpp; the posterior ring requires En/Inv activity (which does not need to be localized) and the localized activity of Dl. Other Notch pathway players, namely the ligand Ser and the modulator Fng, do not appear to be involved in the specification of the boundary cells at the li-d/li-v border.
Boundary of Dl expression is established by En/Inv repression
Since the experiments described in the preceding sections show that both spatially localized En/Inv and a boundary of Dl expression are required to establish the boundary cells, we asked whether En/Inv might control the boundary of Dl expression. In Df(en E ) embryos, Dl is not restricted to li-v, but rather is uniform in the hindgut circumference (Fig. 6J) , indicating that en/inv is required to repress Dl. In the large intestine, uniform expression of En/Inv (Fig. 5H ) results in an absence of Dl expression (Fig. 6K) . Expression of En/Inv in li-d is thus both necessary and sufficient to restrict Dl expression to li-d. While it represses Dl throughout the large intestine, ectopic En/Inv does not affect Dl expression in the rectum (Fig. 6K) . Embryos with ectopic En/Inv not only express Dl at the anterior of the rectum (Fig. 6K) , they also form the posterior boundary cell ring (Fig. 5I) . Thus a boundary of Dl-expressing with Dl-non-expressing cells is required not only to establish the boundary cell rows (as described in the preceding section) but also likely to establish the posterior ring; the posterior ring also requires En/Inv activity, but this activity does not need to be localized. We cannot detect a difference in En/Inv expression when either ectopic Dl or dominant negative Dl is expressed in the hindgut (Fig. 6L and data not shown).
Consistent with observations that En and Inv are repressors with the same targets (Gustavson et al., 1996) , the data presented here demonstrate that Dl expression in the large intestine is restricted to the li-v domain by the repressive activity of En/Inv in li-d.
Discussion
Boundaries of gene expression are required for a number of developmental processes; these include promoting tissue/ organ outgrowth, organizing morphogenesis, maintaining distinct cell populations, and establishing specific cell types (reviewed by Lawrence and Struhl, 1996; Shubin et al., 1997; Irvine, 1999; Wu and Rao, 1999) . In the Drosophila wing and the tetrapod limb, gene expression boundaries in the DV axis are known to lead to establishment of a specific cell type (Lawrence and Struhl, 1996; Shubin et al., 1997; Irvine, 1999) .
In the Drosophila hindgut, distinct 'boundary cells' are formed at both AP boundaries (large intestine/small intestine and large intestine/rectum) and DV boundaries (li-v/lid) of gene expression. We show here that these boundary cell rings and rows have a characteristic morphology, ultrastructure, and gene expression program. We have investigated the genetic activities required to establish these unusual cells, focusing particularly on the boundary cell rows, which form at a DV border. In addition to examining loss-of-function mutants, we generated a hindgut-specific driver, and used this to ectopically express both wild-type and dominant negative constructs. Since both lack of en/inv activity and uniform expression of En/Inv result in a failure to form boundary cell rows, spatially restricted expression of En/Inv is required to establish the boundary cells. The essential target of En/Inv is the Notch ligand Dl: ectopic En/ Inv suppresses Dl expression in the large intestine, while lack of en/inv results in expansion of Dl expression. In the absence of zygotic Notch activity, and when either wildtype or a dominant negative form of Dl is expressed in the hindgut, boundary cell rows are lost or disrupted; thus Dl/ Notch signaling is required to establish the boundary cell rows. Notch signaling is also sufficient for boundary cell induction; expression of an activated Notch receptor or activated Su(H) results in ectopic boundary cells.
The data presented here support the following model (Fig. 7) . En/Inv is expressed in li-d and represses Dl in that domain; Dl expression is thereby restricted to the li-v domain. At the li-v/li-d transition, the Dl-expressing cells induce, by Notch signaling, a row of Dl-non-expressing cells to become a boundary cell row. Since En/Inv is not detected in differentiated boundary cells, Notch activation likely represses En/Inv expression. Notch activation also leads to Dri expression and an upregulation of Crb expression. While all of these transcriptional changes could be mediated by Su(H), they could also be further downstream.
Boundary cell formation shares features with other systems of boundary formation
Formation of DV boundaries in both the Drosophila eye and wing, of segmental boundaries in the proximodistal axis of the leg, and of the secondary mesenchyme/endoderm boundary in the sea urchin gastrula have been shown to require Notch activation (reviewed by Irvine, 1999; Wu and Rao, 1999; Sherwood and McClay, 1999) . Furthermore, Notch is most likely also required to establish the DV boundary of the tetrapod limb, and boundaries between and within vertebrate somites (reviewed by Irvine, 1999; Wu and Rao, 1999) . The required role demonstrated here for zygotic Notch in establishing the Drosophila hindgut boundary cells is thus a mechanism shared with many other schemes of boundary formation.
Formation of boundaries is initiated by localized expression of transcription factors (reviewed by Lawrence and Struhl, 1996) . The establishment of a number of DV boundaries depends on dorsal expression of homeodomain proteins. In the Drosophila wing, expression of Apterous (Ap) in the dorsal compartment initiates boundary formation by activating expression of Fng and Ser, and repressing Dl (reviewed by Micchelli and Blair, 1999) . In the Drosophila eye, expression of Iroquois-Complex (Iro-C) proteins in the dorsal compartment represses fng (reviewed by Irvine, 1999) . In the vertebrate limb, the LIM homeodomain protein Lmx-1 is expressed on the dorsal side and presumably regulates gene activity required to establish dorsal fate (reviewed by Shubin et al., 1997) . The genes controlled by the Iro-C in the eye and Ap in the wing are required for Notch activation at the DV boundary. In addition to these examples of DV boundaries, there is the well-characterized AP compartment boundary of the Drosophila wing: localized expression of the En homeodomain protein in the posterior of the wing is required to generate an AP boundary that controls AP patterning (Tabata et al., 1995) . Our demonstration here that En/Inv is required in the Drosophila large intestine to regulate Dl expression provides another example of a homeodomain transcription factor controlling spatially localized gene activity required to establish signaling at a boundary.
In most cases where Notch is activated at a boundary, this requires, or at least is correlated with, a boundary of Dlexpressing and Dl-non-expressing cells. Notch activation requires a Dl 1 /Dl 2 boundary in the Drosophila eye, wing, and leg (reviewed by Irvine, 1999; Rauskolb, 2001) ; further, there are suggestive stripes of expression of Delta-like1 and Delta-like3 during somite development, which requires Notch for correct timing and organization (reviewed by Irvine, 1999) . The effects of expressing either wild-type or dominant-negative Dl throughout the hindgut indicates that a border between Dl-expressing cells and Dl-non-expressing cells is similarly necessary for the formation of the boundary cells.
An important question is whether the boundary cells arise from Dl-expressing, or Dl-non-expressing cells. Studies on cell clones in the wing imaginal disc, and also on keratinocytes in culture, indicate that Notch signaling is activated only in the Dl-non-expressing cells; known as cell autonomous repression, this system dictates that a cell's expression of a Notch ligand autonomously represses its activation by a neighboring ligand-expressing cell (reviewed by Porquié, 2000) . Cell autonomous repression most likely also operates in the hindgut, as deduced from our observations on ectopic expression of wild-type Dl: the few, disconnected boundary cells that do form are distinct from the surrounding cells in that they do not express Dl (in spite of the uniform expression driven by bynGal4). Notch activation by ectopic expression of activated N or Su(H) circumvents the requirement for a boundary and results in boundary cell induction throughout the large intestine. We therefore conclude that the boundary cells form from the Dl-non-expressing cells at a border with Dl-expressing cells. The requirement for a border between Dl-expressing and Dl-non-expressing cells is thus another important way in which formation of the boundary cells resembles other systems of Notch-dependent border formation.
In summary, three steps in the establishment of the Drosophila hindgut boundary cell rows are similar to steps characterized in other Notch dependent boundaryforming systems. First, a homeodomain transcription factor (En/Inv in the case of the boundary cells) is expressed on one side of the forming boundary; second, this transcription factor defines two domains, one which expresses Dl and one which does not; third, Notch activation in the Dl-nonexpressing cells that confront Dl-expressing cells leads to a unique cell fate (Fig. 7) .
Distinguishing features of boundary cell determination
In other systems where Notch signaling is required for boundary formation, adjoining domains of expression of Dl and Ser are required. Thus, in both the Drosophila eye and wing, the DV midline is specified by the juxtaposition of a domain of Dl-expressing cells with a domain of Ser-expressing cells (reviewed by Shubin et al., 1997; Irvine, 1999) . In the case of the hindgut, however, Dl appears to be the only Notch ligand required to establish boundary cells; neither loss of Ser function nor ectopic expression of Ser throughout the hindgut affects the appearance of boundary cell rows or rings (Thomas et al., 1991; data not shown) .
Fng is a required component of boundary formation in many systems, including the Drosophila wing, leg, and eye, and the tetrapod limb (reviewed by Shubin et al., 1997; Irvine, 1999) . Despite the suggestive expression of Fng in the domain (li-d) opposite the Dl-expressing domain (li-v), we did not detect an effect of either loss of zygotic fng or ectopic expression of fng on formation of boundary cells. Perhaps, given the absence of a domain of Ser expression opposing the domain of Dl expression, Fng activity is not necessary in the large intestine to generate a boundary of Notch activation.
Regulation of En/Inv
Given the essential role of spatially restricted En/Inv expression in establishing the boundary cells, it is of interest to consider how En/Inv expression is restricted to the li-d domain. The activation of en expression in the large intestine at stage 10 requires the T-domain transcription factor brachyenteron (byn), which is expressed uniformly in the hindgut (Kispert et al., 1994; Singer et al., 1996) . As dissection of the en regulatory region has identified fragments that drive reporter expression in all hindgut cells (Hama et al., 1990) , en expression is likely restricted to li-d by a repressor that remains to be identified.
Function of boundary cells
Here we have shown that boundary cells have a unique gene expression pattern and an elongated morphology; in previous work we showed that boundary cells are missing from a mutant (lines) in which the cell rearrangement that drives elongation of the hindgut fails to occur (Iwaki et al., 2001) . Boundary cells could therefore be imagined to provide adhesive differences important for cell rearrangement (Irvine and Wieschaus, 1994a) ; alternatively, their AP elongation might provide a mechanical force to drive hindgut elongation. In spite of these tempting scenarios, however, the normal appearance (overall size, diameter, and length) of Notch and Df(en E ) hindguts, which completely lack both boundary cell rows and rings, demonstrates conclusively that the boundary cell rows and rings are not required to establish normal hindgut morphology.
Rather than playing a required role in hindgut morphogenesis, the boundary cells most likely contribute to the ion and water absorption function of the larval hindgut. In the adult insect, this function is carried out by cells in the rectum that are distinguished by their extensive, mitochondria-rich apical membrane leaflets (reviewed by Martoja and Ballan-Dufrancais, 1982; Noble-Nesbitt, 1998 ). In the Drosophila larval hindgut, this characteristic ultrastructure is found not in the rectum, but rather in the cells of li-d, leading to the conclusion that water and ion absorption in the larva occurs in the large intestine (Murakami and Shiotsuki, 2001 ). Associated with the absorptive cells of the Dipteran rectum is a distinct cell type referred to as 'junctional cells'; these form a collar surrounding the absorptive cells, have extensive intercellular junctional complexes, and are thought to play an isolating and supportive role (Gupta and Berridge, 1966 ; reviewed by Martoja and BallanDufrancais, 1982; Noble-Nesbitt, 1998) . The Drosophila boundary cell rings and rows similarly constitute a collar surrounding the absorptive li-d cells of the larval hindgut and, based on their intensive Crb staining, have unusual membrane characteristics. We therefore propose that, like the junctional cells in the adult insect rectum, the boundary cells serve to isolate and support a domain of ion and water absorbing cells in the Drosophila larval hindgut.
Experimental procedures
Stocks
The following mutant alleles were used: byn apro (Murakami et al., 1995) ; Df(en E ), en
54
, inv 30 (Gustavson et al., 1996) ; Dl B2 (Micchelli et al., 1997) (Wharton et al., 1993) ; Ser RX106 (Thomas et al., 1991) ; Notch 55e11 (Kidd et al., 1983) (Irvine and Wieschaus, 1994b; Milan and Cohen, 2000; Grammont and Irvine, 2001) ; and dri P1 , dri 1 , and dri 2 (Shandala et al., 1999) . The enhancer trap lines dri P1 and fng
RF584
, which express nuclear localized b-Gal in the dri or the fng pattern, were used in this study to represent Dri or Fng expression, respectively (Shandala et al., 1999; Grammont and Irvine, 2001 ).
Generation of bynGAL4 driver by P element replacement
The P element insert in the byn apro chromosome (Murakami et al., 1995) was replaced with the P{GAL4, w 1 } of Brand and Perrimon (1993) by a method similar to that described by Sepp and Auld (1999) and Liu and Lengyel (2000) . The resultant replacement is designated bynGal4.
UAS constructs
To investigate the role of various pathways in hindgut development, the bynGal4 and/or the 455.2Gal4 (San Martin and Bate, 2001 ) drivers were combined with the following UAS constructs: UAS-dpp (Staehling-Hampton and Hoffmann, 1994), UAS-Ser (Speicher et al., 1994) , UAS-Dl (Doherty et al., 1996) and UAS-Dl.DN (Azpiazu et al., 1996) , UAS-actN (Doherty et al., 1996) , UASSu(H)VP16 (Cooper et al., 2000) , UAS-H (Go et al., 1998) , UAS-FLNDcdc10 (Zecchini et al., 1999) , UAS-fng (Kim et al., 1995) , UAS-en (Yoffe et al., 1995) , UAS-dri (Shandala et al., 1999) , UAS-lacZ (Brand and Perrimon, 1993) , and UAS-GFP (Yeh et al., 1995) .
Histology
Embryo antibody staining was carried out according to standard protocols (Ashburner, 1989) , using the following antibodies: anti-Crumbs (Crb) (Tepass et al., 1990) , anti-b HSpectrin Kiehart, 1994), anti-Dpp (Panganiban et al., 1990) , and anti-b-Galactosidase (Promega, Cappel). The anti-En/Inv and anti-Dl antibodies developed by C. Goodman and Spyros Artavanis-Tsakonas, respectively, were obtained from the Developmental Studies Hybridoma Bank maintained by The University of Iowa, Department of Biological Sciences, Iowa City, IA 52242.
In situ hybridization to whole-mount embryos was carried out as described (Tautz and Pfeifle, 1989; Pignoni and Zipursky, 1997) . Digoxygenin-labeled DNA probes (Boehringer Mannheim) were prepared by random priming from cDNA templates of hh (Lee et al., 1992) and upd (Harrison et al., 1998) .
Light microscopy was performed with a Zeiss Axiophot; images were acquired with a Sony digital camera (DKC-5000) and processed with Adobe Photoshop software. Embryos were staged according to Campos-Ortega and Hartenstein (1997) . For light microscopy of cross-sections, embryos were antibody-stained as above, sectioned at 2 mm, and sections stained with toluidine blue. Confocal microscopy was with a Carl Zeiss LSM 310; images were acquired and processed using Zeiss LSM Software. For electron microscopy, embryos were fixed in 2% glutaraldehyde and 1% osmium tetroxide in Na cacodylate buffer, embedded in Epon, sectioned at 60-70 nm, stained with uranyl acetate and lead citrate, and examined in a JEOL 100CX microscope.
Note added in proof
Another characterization of Notch signaling in boundary cell specification appeared after review of this manuscript (Fuss and Hoch, 2002) .
